Heterochromatic modulation photometry is a method for obtaining equiluminance for a pair of heterochromatic lights presented in temporal alternation. A series of fixed standard luminance/test luminance ratios are presented, and at each ratio the modulation depth of the pair is reduced in tandem until the observer reports that flicker disappears. The data can be described by a luminance contrast template that appears V shaped when plotted on log-log coordinates. In the fitting of individual data, a free vertical scaling factor reflects the observer's sensitivity to luminance modulation and a free horizontal scaling factor reflects the observer's similarity in spectral sensitivity to the CIE standard observer. Data for red/green flicker photometric matches demonstrate the technique.
INTRODUCTION
Heterochromatic flicker photometry (HFP) is a technique for equating chromatic lights based on an individual observer's spectral sensitivity.' A practical problem with using HFP in large populations of observers is that HFP is not an easily explained task. The usual technique is to present a standard field, which is either a white field or a monochromatic field of 555 nm, in alternation with a variable-luminance test field. If the fields are mismatched in luminance, there is an appearance of flicker, which gradually weakens or even disappears as the luminance of the test approaches that of the standard and then returns as the luminance again becomes mismatched. If the optical fields are aligned and illuminated perfectly, the change from flicker to fusion back to flicker may be quite gradual as the luminance of the test is changed. The observer must seek some setting of minimum or absent flicker. The flicker frequency is a significant variable both with respect to the appearance of the field and with respect to the precision with which matches can be made. In testing patients or color-defective observers, the temporal frequency required for HFP may be quite different from the range of values that normal observers require, and quite a bit of time may be taken trying to find a suitable frequency. Whereas well-trained observers do give reliable and reproducible data, the task is hard to explain to naive observers, and a training period is needed.
The purpose of the present paper is to describe an alternative method of obtaining a flicker photometric match. We have called this technique heterochromatic modulation photometry (HMP), and we describe it within the context of data for flicker photometric matches of red and green lights.
In our technique we fix the luminance of the test and comparison fields and vary the modulation depth of the pair in tandem to obtain a threshold for flicker detection. Figure 1 shows an example of variation in modulation for a fixed pair The logic of the analysis may be seen by considering the response of a photometer with a photocell-filter combination that has the spectral sensitivity of the CIE standard observer. When the red and green lights are equated for the photometer, the output is a steady dc voltage reflecting the luminance of the alternating pair. If the red and green lights are not equal in luminance, the photometer output has a dc component reflecting the time-average luminance of the alternating pair and an ac component caused by the difference in modulation depths of the alternating lights [see Fig.  1(a) ]. If the modulation of the pair is reduced in tandem [ Fig. 1(b) ], the dc component is unchanged but the ac component decreases. It is possible to locate a modulation depth that results in some criterion residual modulation (for this illustration, assume a modulation of 1%). For example, modulation of the alternating pair of lights described in Fig.   1 (25 Td green and 12.5 Td red) in tandem at 3.03% would yield a 1% residual modulation. If we now maintain the green light at a constant level and alternate it with a red light of a different luminance (e.g., 20 Td), the dc component is larger, reflecting the higher time-average luminance of the alternating pair, but the ac component is smaller (11.11%), reflecting the decreased difference between the luminances of the new pair. To match the 1% criterion, it is necessary to have a higher modulation depth (8.99%) than in the first example above. In a like manner it is possible to define the modulation depth necessary to reach the 1% criterion for all stimulus pairs (except for the pair that exactly match in luminance). We have derived a template based on this logic. When this luminance-contrast template is expressed in log-log coordinates, it is shape invariant with both vertical and horizontal translations. In fitting individual data, the vertical scaling factor reflects the observer's sensitivity to luminance modulation, that is, the percent luminance modulation that is required to reach the flicker-detection threshold. In a given experimental situation, an individual's modulation threshold may be less than or greater than the 1% cited in the example above. Such differences would be reflected in a vertical shift in a constant-shaped template on log-log coordinates. The horizontal scaling factor reflects the observer's spectral sensitivity relative to the CIE standard observer; the scaling factor for an observer with a spectral sensitivity identical to that of the standard observer will be R/G = 1.0 (log R/G = 0), with the more greensensitive observers having R/G ratios less than 1.0 (negative log R/G values) and the more red-sensitive observers having ratios greater than 1.0 (positive log R/G values).
According to modern color theory, the HFP spectral-sensitivity curve reflects the summed activities of the longwavelength-sensitive and middle-wavelength-sensitive photoreceptors. Several investigators have suggested that individual variation in the spectral-sensitivity curve results from variation in the underlying numbers of each receptor type entering the sum. 4 7 Thus the curve may be used to estimate the relative proportions of the long-and middle-wave- Other factors are also known to affect the HFP spectral-AED V E sensitivity curve. These factors include luminance level 4 9 "1 0
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ity to long wavelengths decreases by 8% per decade of luminance above 1000 Td. This effect may be caused by receptor compression and/or unequal adaptation of the receptor types. Narrowing also occurs with an increase in temporal frequency, possibly reflecting differences in the temporal GREENESICIIIT:.
processing of receptoral or postreceptoral mechanisms.
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Such factors could well interfere with estimations of relative proportions of LWS and MWS receptors. However, at lu-
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To demonstrate the utility of HMP, we present here data
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lous trichromat) for a photometric match between a 25-Td green standard and a variable-luminance red test. Squarewave alternation was used, and the match was made at four temporal frequencies: 8, 10, 15, and 20 Hz.
MATERIALS AND METHODS

Equipment
We used a two-channel Maxwellian-view optical system,' 2 which incorporated two light-emitting diodes (LED's) driven by linear current amplifiers as light sources. The LED's were filtered by interference filters to give dominant wavelengths of 551 and 667 nm. The field was 2. We used a portable computer with 12-bit digital/analog converters to drive the LED's. Lookup tables in the computer compensated for the nonlinearities of the LED's.
Calibrations
The calibrations were described fully elsewhere.' 2 The spectral output of the LED-interference filter combination was checked with a laboratory-built spectroradiometer. The relative luminance output was evaluated with an EG&G model 550 photometer.
Procedure
The LED's were set in temporal square-wave alternation with 100% modulation. The 551-nm light (G primary) was set to give an average luminance of 25 Td. The usual technique for flicker photometry is to set a fixed alternation frequency, near 15 Hz, and to vary the luminance of the 667-nm light (R primary) at 100% modulation to obtain the perception of minimum flicker. In our technique, we fixed the G luminance and varied the modulation depths of the R and G primaries to obtain a threshold. The modulation changed equally in both G and R primaries. The average luminance of the R primary was varied from 6.25 to 100 Td. Thus the R/G luminance ratio ranged from 0.25 to 4.0, and the Talbot luminance (the time-average luminance) varied from 31.25 to 125 Td.
The equipment was operated in an interactive program
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written in the PASCAL computer language. The observer had control of a bidirectional switch that requested an increase or decrease in modulation depth. The alternating stimuli at 100% modulation appeared to be flickering, unless by chance one of the ratios precisely matched the observer's luminance match. We used the following tracking procedure. The observer used the bidirectional switch to control modulation depth. The observer was instructed to hold the switch continuously (decreasing modulation) until flicker disappeared. The observer then moved the switch in the other direction (increasing modulation) until flicker reappeared. This process continued until six reversals occurred. The mean modulation depth for the six reversals was taken as the threshold.
We plotted log sensitivity (1/modulation threshold) as a function of log R/G. This function has a V shape. Sensitivity is least near the observer's photometric match and increases at larger or smaller R/G ratios. We first evaluated modulation thresholds at 12 R/G ratios in equal logarithmic steps. We then chose four ratios bracketing the minimum and obtained one repetition of the modulation threshold at these ratios. The entire procedure lasted approximately 12 min and was repeated at temporal frequencies of 8, 10, 15, and 20 Hz.
Analysis
We prepared templates based on the luminance contrast available at each R/G ratio. For an observer whose spectral sensitivity is that of the Judd' 3 observer, the luminance contrast available at a given R/G ratio is
where Rmax is the maximum luminance and Rmin is the minimum luminance of the R primary, Gm. is the maximum luminance and Gmin is the minimum luminance of the G primary at the modulation threshold, and Rav and Gav are the time-average luminances of the R and G primaries. At a fixed Talbot luminance, the psychophysical response amplitude A is related to stimulus energy and psychophysical threshold by
where C is the contrast defined above and Mt is the optimal modulation threshold for human vision determined by the limiting Weber fraction (0.01 for human foveal cone vision). The template defined by Eq. (2) is for a stimulus situation in which the time-average luminances Rav and Gav are constant but the modulations of these lights may vary.
An example is shown by the dashed curve in Fig. 2 (constant contrast), in which the time-average luminance is constant with variation in R/G. This template applies to data that can be realized in two ways, either by defining the luminances of R and G as equal by a separate procedure and then varying the R/G ratio (constant Talbot luminance and varying time-average chromaticity with variation in R/G) or by maintaining the time-average luminance and varying the relative maximal modulations of R and G as a function of R/ G (constant luminance and constant time-average chromaticity with variation in R/G). Data that were collected under conditions described by the Eq. (2) template can be found in studies by Kelly and van Norren 2 and by Kelly. Those studies included stimulus conditions of the second type.
The experiment that we report here was run with a constant G primary luminance, and thus the Talbot luminance varied with the R/G ratio. We prepared a second version of the template relating A to L, C, and Mt:
where L is the Talbot luminance and Lo is a normalizing constant, the Talbot luminance for R/G at unity. Equation (2) might still be used with the assumption that temporal modulation sensitivity is independent of luminance level (Weber's law). This assumption is true at low temporal frequencies, but is not true at higher temporal frequencies for which temporal modulation sensitivity is constant with amplitude.' 4 Equation (3) is more appropriate to our procedure for frequencies above 15 Hz. An example of this template is given by the solid curve (constant amplitude) in Fig.  2 . It may be noted that from the analysis of conventional flicker sensitivity data' 4 all HMP data should correspond to one or the other template or should assume a shape intermediate to the two.
The template for the experimental condition in which the standard is constant (Fig. 2, constant amplitude) may be fitted to the data of our observers with two scaling factors, a horizontal scaling factor to allow for individual differences in spectral sensitivity from the Judd observer and a vertical scaling factor to allow for individual variation in modulation threshold. We used a least-squares fitting program to estimate the two scale factors from the 16 data points. The result of this procedure gives us two pieces of information. From the horizontal scaling factor we obtained log R/G for the observer; from the vertical scaling factor we obtained an index of the observer's luminance modulation sensitivity.
Observers
Observers in the experiment were four laboratory personnel. All were screened for color-vision defects by using the Ishihara and Standard Pseudoisochromatic Plate tests, the Neitz anomaloscope, and the Farnsworth-Munsell 100-hue test. Three of the observers had normal color vision; one was a deuteranomalous trichromat. The age range was 22-50 years.
RESULTS
The data for the four observers are shown in Fig. 3 , in which log sensitivity is plotted as a function of log R/G. For all observers and all frequencies the functions show a minimum at some value of log R/G. The minima are not so deep as the templates of Fig. 2 , especially for the three color-normal observers. Contrast thresholds near the minima presumably are mediated by mechanisms sensitive to chromatic variation, when the available luminance contrast falls substantially below the chromatic threshold. At high frequencies for three of the observers (including the deuteranomalous trichromat), the contrast threshold was not measurable at the minimum. To fit data collected under conditions for which the modulation threshold does not become indeterminate at the photometric match (as might be the case for data of X-linked dichromats), it is necessary to truncate the template; we chose to do this at the minimum log R/G sensitivity. Sensitivity deviations were minimized by using a leastsquares fitting program to fit the truncated templates. The solid curves in Fig. 3 represent these best-fitting templates.
Is it appropriate to use the same template for all stimulus conditions? One might expect the lower-temporal-frequency data to be fitted better by a template intermediate be- tween those shown in Fig. 2 . In practice, the choice of template shape is not critical. We demonstrated this by creating an artificial data set using the constant-contrast template and solving for the R/G ratio and sensitivity by fitting the constant-amplitude template. The artificial data set was created with the same range and number of data points as were obtained in the experiment, and with truncation defining a vertical range similar to that observed for the normal observers. Applying the fitting procedure for the constant amplitude template to these data resulted in a log R/G fitting error of +0.03 log unit and a sensitivity error of -0.05 log unit. Although these errors are small, errors encountered with real data sets should be even smaller, since the simulation involved the largest possible template to data misfitting. There were 2 degrees of freedom in the fits, the vertical and horizontal scaling factors. The vertical scaling factor represented the observers' contrast sensitivity to luminance modulation. The scaling factors are shown as a function of frequency in Fig. 4 (a) (filled symbols). Sensitivity decreased with increasing frequency as is expected from the results for temporal modulation sensitivity. The chromatic sensitivity functions (open symbols) represent the minimum sensitivity as defined by the truncation level as a function of frequency. The horizontal scaling factors represent the R/ G ratio of the photometric match for the individual observer. These are shown as a function of frequency in Fig. 4(b) . The R/G ratio was constant for the deuteranomalous trichromat and for two of the color-normal observers but showed a slight systematic decrease in R/G for one observer (VS).
As a check on the photometric accuracy of HMP, we obtained HFP measurements on the three color-normal observers. These measurements were done on a different instrument (time-average retinal illuminance at the photometric match, 50 Td; 16.7-Hz sine-wave modulation; dominant wavelengths, 556 and 661 nm). The observers showed the same ordering of their HFP matches as in their HMP data and also a similar intraobserver range in log R/G (0.253 for HMP and 0.256 for HFP).
DISCUSSION
There are a number of situations in which HMP may have utility. First, it offers a technique for assessing the spectral sensitivity of adult human observers. Lutze 7 reported HMP R/G photometric ratios collected with an automated tracking technique for over 100 naive observers.
There has been considerable interest in recent years in defining isoluminant stimuli. This interest has occurred both in the study of infants and in electrophysiological and behavioral studies in primates. In both of these disciplines, there has been interest in assessing the response to pure chromatic stimuli. The two methods that have been used most commonly to define isoluminance for psychophysical studies in human adults are HFP and minimally distinct border (MDB) measurement. 51 6 Both of these techniques depend on the observer's ability to find a perceptual null, either minimal flicker or a minimally distinct border. The techniques are hard to use with infants or animals, since there is no fixed endpoint. HMP has a single fixed perceptual transition on each trial series (from presence to absence of flicker) and is thus adaptable for behavioral and physiological studies. Here we describe an application of the technique to flicker photometry; it is equally applicable to MDB measurements and to the identification of tritan pairs (stimuli that differ only in their stimulation of short-wavelengthsensitive cones). Tritan pairs have been identified by finding pairs of chromatic stimuli that, when precisely spatially juxtaposed, are not separated by a distinct border 7 "18 (melting borders). Since it should be possible to evaluate border distinctness by the HMP technique, the pair of equiluminant lights that require the greatest modulation for border detection would define a tritan pair.
HMP also has utility as a tool in the study of flicker phenomena. For example, a feature of the temporal-sensitivity data of Fig. 4(a) is the evident correlation of luminance and chromatic sensitivities of the individual observers. The observers each show similar trends in luminance and chromatic sensitivity over the frequency range evaluated (this observation is consistent with literature data but would not be expected to hold over a wider frequency range 9 ). Two possible explanations come to mind: the correlation in thresholds may reflect a common performance (criterion) factor, and/or a common mechanism may mediate detection under both luminance and chromatic stimulus conditions.
It has been recognized for many years that HFP is linear only in a local sense, e.g., at a fixed luminance level. The design of HFP confounds frequency and luminance variables. Thus previous studies have not been able to determine whether nonlinearities are due to luminance level or to frequency. HMP allows us to segregate these variables. It is a technique that will allow us to evaluate potential nonlinearities in the measurement of luminance and their causes. 
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